In perennial plants, freeze-thaw cycles during the winter months can induce the formation of air bubbles in xylem vessels, leading to changes in their hydraulic conductivity. Refilling of embolized xylem vessels requires an osmotic force that is created by the accumulation of soluble sugars in the vessels. Low water potential leads to water movement from the parenchyma cells into the xylem vessels. The water flux gives rise to a positive pressure essential for the recovery of xylem hydraulic conductivity. We investigated the possible role of plasma membrane aquaporins in winter embolism recovery in walnut (Juglans regia). First, we established that xylem parenchyma starch is converted to sucrose in the winter months. Then, from a xylem-derived cDNA library, we isolated two PIP2 aquaporin genes (JrPIP2,1 and JrPIP2,2) that encode nearly identical proteins. The water channel activity of the JrPIP2,1 protein was demonstrated by its expression in Xenopus laevis oocytes. The expression of the two PIP2 isoforms was investigated throughout the autumn-winter period. In the winter period, high levels of PIP2 mRNA and corresponding protein occurred simultaneously with the rise in sucrose. Furthermore, immunolocalization studies in the winter period show that PIP2 aquaporins were mainly localized in vessel-associated cells, which play a major role in controlling solute flux between parenchyma cells and xylem vessels. Taken together, our data suggest that PIP2 aquaporins could play a role in water transport between xylem parenchyma cells and embolized vessels.
Winter embolism, the generation of air bubbles in xylem vessels induced by freeze-thaw cycles, often leads to a loss of hydraulic conductivity of the vessels (Cochard and Tyree, 1990; Améglio et al., 2001; Ewers et al., 2001 ). Vulnerability to winter embolism is related to the anatomy and vessel diameter of woody plants (Cochard and Tyree, 1990) and affects the ability of plants to survive cold climates and the geographic distribution of species (Tyree and Cochard, 1996; Pockman and Sperry, 1997; Lemoine et al., 1999) .
Detailed physiological studies of the responses of temperate woody plants to winter embolism have been made. Plants minimize the impact of winter embolism by replacing embolized vessels by new functional vessels every year and/or by refilling embolized vessels by generating positive xylem pressures (Holbrook and Zwieniecki, 1999; Tyree et al., 1999; Améglio et al., 2002) . Although making new vessels is common to all the plants that exhibit secondary growth, the generation of xylem pressures has only been reported in a few species such as maple (Acer pseudoplatanus; O'Malley and Milburn, 1983; Tyree, 1983; Sperry et al., 1987 Sperry et al., , 1994 , grapevine (Vitis vinifera; Sperry et al., 1987) , birch (Betula alleghaniensis) (Sperry et al., 1994; Zhu et al., 2000) , and walnut (Juglans regia; Améglio et al., 1995 Améglio et al., , 2001 Ewers et al., 2001) .
In walnut trees, depending on the temperature, two types of positive xylem pressures have been found. The first one, referred to as autumn-and spring-positive pressures in the xylem sap, is closely related to root pressure, which depends on the uptake and presence of minerals (Ewers et al., 2001) . The second kind of positive xylem pressure, called winter xylem pressure, is related to low winter temperatures and originates in the stem itself (Ewers et al., 2001; Améglio et al., 2001) . Evidence favoring the involvement of xylem parenchyma cells in the repair of winter embolism has been reported (Améglio and Cruiziat, 1992; Améglio et al., 2001; Ewers et al., 2001) . When embolism takes place in an excised stem upon freezing, a concomitant increase in the sap volume of xylem vessels and sugar concentration is observed. The rise of sugar concentration, chiefly Suc, in the xylem vessels results from the conversion of starch-to-sugar that normally occurs in the winter in parenchyma cells (Sauter et al., 1996) . Concomitant with an increase of water xylem sap, Améglio et al. (2001) found a decrease in the symplastic stem water, suggesting that water is released into the vessel lumen, at least partially, from xylem adjacent living cells. Although the exact mechanism by which winter positive pressures in the xylem sap can be generated still remains unclear, taken together, these observations consistently show that both sugar and water, two essential components of the winter positive pressure, are most likely supplied, locally, from the xylem parenchyma cells. Sperry et al. (1987 Sperry et al. ( , 1994 suggested that in maple trees, xylem parenchyma cells contributed to the restoration of xylem hydraulic conductivity.
Several authors (Pickard, 1989; Améglio and Cruiziat, 1992; Yang and Tyree, 1992; Améglio et al., 2001) have hypothesized that an osmotic pressure gradient between xylem sap and surrounding parenchyma cells, associated with high xylem sap osmolarity, may move the water into the vessels and give rise to a pressure that is sufficient to restore the hydraulic conductivity of the xylem. This would be possible if a low hydraulic resistance pathway between parenchyma cells and vessels existed. Aquaporins could play a role in this osmotically driven water flow between cells, although the involvement of active water transport as proposed for rapid volume changes in motor cells cannot be ruled out (Morillon et al., 2001) . Since their discovery and functional characterization, water channel proteins (aquaporins) have been shown to play a central physiological role in cellular water balance (Chrispeels et al., 2001; Maurel and Chrispeels, 2001; Tyerman et al., 2002) . Recent molecular and microscopic studies shown that aquaporins are highly expressed in the plasma membrane of xylem parenchyma cells (Barrieu et al., 1998; Kirch et al., 2000) . Based on these observations, it has been hypothesized that aquaporins may contribute to the water release into embolized vessels and, therefore, to the restoration of xylem hydraulic conductivity (Holbrook and Zwieniecki, 1999; Tyree et al., 1999) . However, no experimental evidence in woody plants supporting this hypothesis exists.
This study focuses on walnut trees, where three different mechanisms are responsible for the restoration of stem hydraulic conductivity: (a) autumn and Spring xylem pressures that seem to have a root origin; (b) winter xylem pressure, which appears to have a stem origin; and (c) formation of new functional vessels. Water flows at the cellular level have been shown to take part in the generation of winter positive pressure (Améglio et al., 2001) . Here, we report that in twigs of walnut trees grown outdoors in France, sugars accumulate in the xylem sap during the winter months. We also report the identification and the functional characterization of two walnut PIP2 aquaporins that are expressed in the xylem and their possible involvement in winter embolism recovery based on the changes in the abundance of mRNA and protein during the winter months and the localization of these aquaporins in the vessel-associated cells (VACs) in winter.
RESULTS
Although it is often difficult to obtain sufficient quantities of conductive plant tissues for analysis, it is relatively easy to obtain the active xylem tissues from woody twigs. One removes the bark and then scrapes the twig with a scalpel. The cells that are collected constitute a high-quality xylem preparation containing the different cell types found in the xylem (vessels, fibers, parenchyma, and VACs).
Changes in Content of Sugars during Autumn-Winter Period
The exposure of xylem parenchyma cells to low temperatures induced an increase in intracellular solute concentration, mainly in sugars (Sauter and Kloth, 1987; Sauter, 1988; Améglio and Cruiziat, 1992) . This accumulation of soluble sugars is thought to play a key role in preventing damage during the chilling period (Livingston and Henson, 1998; Sauter, 1998) and has been correlated with the winter embolism recovery process in walnut xylem (Améglio et al., 2001) . We studied changes of soluble sugars in the xylem tissue of walnut twigs and the expression of aquaporins to investigate the possible role of aquaporins in the water fluxes associated with the osmoticum changes occurring during the recovery of winter embolism.
The tissues collected when the temperatures were lower, i.e. from December to February (Fig. 1B) , exhibited higher content of soluble sugars ( Fig. 1) than those harvested at early autumn or spring, when the minimum temperatures rose to 10°C and above.
From October to November, the total soluble sugars (Suc, Glc, and Fru) content of xylem cells rose from about 28 to 34 mg g Ϫ1 dry weight to 66 mg g Ϫ1 dry weight in the early winter (December and January; Fig. 1A ). During the same period, a decrease in starch content was observed (105-30 mg g Ϫ1 dry weight). Later, from January to March, a concomitant decrease of soluble sugars with an increase of starch was observed again. Suc accounted for most of the soluble sugars at all times examined. These observations are in agreement with a possible conversion between starch and soluble sugars.
were used to clone a PCR-amplified fragment in walnut (about 450 pb). The screening of a xylem cDNA library with the isolated fragment allowed us to clone two full-length cDNA of 1,278 bp.
The complete nucleotide sequences of the clone JrPIP2,1 (EMBL accession no. AY189973) and clone JrPIP2,2 (EMBL accession no. AY189974) contained an open reading frame of 864 nucleotides that encoded a 287-amino acid polypeptide. Based on their sequence homologies, both cDNAs belong to the membrane intrinsic proteins (MIPs) superfamily (Weig et al., 1997) , and the highest similarity was found with the members of the PIP2 aquaporin subgroup ( Fig. 2 ; Johanson et al., 2001 ).
At the nucleotide sequence level, JrPIP2,1 and JrPIP2,2 have 96% of similarity within the coding region but only 54% in the 3Ј-untranslated region (UTR). At the protein level, the deduced amino acid sequences of JrPIP2,1 and JrPIP2,2 differ only by three amino acid residues. The identity between JrPIP2(1 and 2) and the other members of the PIP2 family ranges from 70% to 81%, and the greatest identity was found with the Samanea saman isoform SsAQP2 (Moshelion et al., 2002) .
Like other MIP family proteins, hydrophobicity profiles of the predicted JrPIP2,1 and JrPIP2,2 polypeptides are consistent with the existence of six transmembrane domains and five connecting loops. These two polypeptides also contain the conserved NPA motifs known to be involved in the selectivity filter of the water channel.
Jr-PIP2,1 Is a Water Channel
Because of the very high level of amino acid sequence identity between JrPIP2,1 and JrPIP2,2, JrPIP2,1 was the only clone used for oocyte swelling assays. Functional analysis of the JrPIP2,1-encoded protein was carried out by injection of the cRNA into Xenopus laevis oocytes. The increase in Pos (osmotic water permeability) of oocytes injected with cRNAs of JrPIP2,1 or AtPIP2;2 (Arabidopsis aquaporin) were, respectively, 10-and 12-fold higher than the water-injected control, demonstrating the aquaporin activity of JrPIP2,1 (Fig. 3 ).
Expression Analysis of JrPIP2,1 and JrPIP2,2 in Different Organs
Two specific primer couples (WC11/WC12 and WC21/WC22) were designed based on JrPIP2,1 and JrPIP2,2 3Ј-UTR, respectively. Because 3Ј-UTR sequences are usually the most divergent region within genes (Duval et al., 2002; Marin-Olivier et al., 2002) , both of these primer couples could allow us to isolate gene-specific probes by PCR. Figure 4A shows that each primer pair amplified only one product, even when both aquaporin genes were present in the mixture. Using WC21/WC22 primers, a 160-pb fragment was amplified from JrPIP2,2 full-length cDNA ( Transcripts level analysis was carried out by this semiquantitative RT-PCR approach, using RNAs from different tissues and organs: xylem, bark, buds (dormant and nondormant), leaves, roots, and flowers (male and female). JrPIP2,1 transcripts were found in all organs (Fig. 4B ) but to the lowest extent in roots and dormant buds. JrPIP2,2 transcripts were strongly detected in roots and leaves, slightly less in female flowers and bark, and at a very much lower level in xylem and nondormant buds. No JrPIP2,2 transcript was detectable in male flowers and dormant buds. In addition, when both JrPIP2,1 and JrPIP2,2 were co-amplified together, the same expression patterns were obtained than for each respective individual gene. Using the specific primers for JrPIP2,1 (WC11/ WC12) and JrPIP2,2 (WC21/WC22), we investigated the expression pattern for each isoform throughout the autumn-winter period on samples collected from October to March. As shown in Figure 5A , JrPIP2,1 and JrPIP2,2 were differentially expressed, especially from October to January. JrPIP2,1 transcript accumulation increased significantly throughout the winter, reaching a maximum in February, and then dropped to a very low level in March. JrPIP2,2 transcripts were substantial in October and decreased significantly until January. Like JrPIP2,1, JrPIP2,2 had a maximum accumulation in February, followed by a dramatic decreasing in March (Fig. 5A) .
Using a primer couple (WC1 and WC2) designed from conserved coding sequences to JrPIP2,1 and JrPIP2,2, we then investigated the simultaneous change in their transcripts. Therefore, the amplified band (450 pb) is referred to as JrPIP2(1 and 2) (Fig.  5B) . The expression pattern obtained in Figure 5B is strongly similar to that of JrPIP2,1. The level of JrPIP2(1 and 2) transcripts began to increase in October, reached a maximum in January and February, and decreased significantly in March.
Quantitation of the JrPIP2(1 and 2) Protein Levels in the Xylem Tissue during the Autumn-Winter Period
Because the MIP mRNA expression pattern might not always reflect protein accumulation (Suga et al., 2001) , we monitored the PIP2 protein expression profile. We used an antiserum raised against the carboxy-terminal region, the AtPIP2,3 aquaporin (Arabidopsis) that has sequence identity with both walnut aquaporin isoforms (Fig. 6A ). The serum detected a single band of 30 kD in an extract of E. coli cells that express a fusion protein from a pET-HisTag-JrPIP2,1 plasmid (Fig. 6B) . Likewise, AtPIP2 serum also cross-reacted with His-Tag-JrPIP2,2 (data not shown). We initially made the His-tag fusion construct because we were unsure if the heterologous serum would recognize the walnut protein. However, as shown in Figure 6A , the walnut and Arabidopsis aquaporins have shared C-terminal epitopes. Protein extracts of walnut xylem tissue collected from November to March were then analyzed by immunoblotting. The AtPIP2 antiserum cross-reacted with a 28-kD protein, presumably the gene product of JrPIP2,1 and JrPIP2,2. Therefore, the 28-kD protein is referred to as JrPIP2(1 and 2). The JrPIP2(1 and 2) amount rose significantly from a very low level in November to reach a maximum in January and February before dropping in March (Fig. 6C) . During the winter period, we did not observe any change in the level of the plasma membrane H ϩ -ATPase.
Immunolocalization of JrPIP2(1 and 2) in the Xylem Tissue in February (Winter Period)
To determine in which cells of the xylem JrPIP2(1 and 2) is localized, we carried out an immunolocalization study on sections of xylem collected in February [i.e. when a high level of both JrPIP2(1 and 2) transcripts and corresponding proteins were found; Figs. 5B and 6C]. As shown in Figure 7A , walnut xylem contains different cell types (parenchyma cells including VACs), which are living cells, and vessels Regarding JrPIP2,2-specific primers (WC21/WC22), PCR reactions were performed either with JrPIP2,2 alone (row 2), together with JrPIP2,1 (row 3), or with JrPIP2,1 alone (row 4). Similarly, for the JrPIP2,1-specific primer (WC11/WC12), PCR reactions were performed either with JrPIP2,1 alone (row 6), together with JrPIP2,2 (row 7), or with JrPIP2,2 alone (row 8). JrPIP2,1 and JrPIP2,2 were co-amplified in the presence of both these primer couples (row 9). PCR reactions were also carried out without JrPIP2,2 (row 1) and JrPIP2,1 (row 5). B, Expression pattern of JrPIP2,1 and JrPIP2,2 in various plants organs. Semiquantitative reverse transcriptase (RT)-PCR was used to investigate the expression of these walnut aquaporins relative to the constitutively expressed Actin (JrAct1). JrPIP2,1 and JrPIP2,2 were amplified individually or co-amplified in the same tube. At least three individual sets of RT-PCR reactions were performed in each case.
and fibers, which are dead cells. Xylem vessels are in direct contact with many VACs (Fig. 7B) , indicating that these cells could be directly involved in the regulation of water flux for winter embolism recovery. After incubation of sections with AtPIP2 saturated by the purified JrPIP2,1 protein (control), the only fluorescence seen is associated with the cell walls (autofluorescence). Fluorescence is strongest in the lignified walls of the fibers and the vessels and in the cell wall corners between some vessels and parenchyma cells (Fig. 7C) . Incubation of the sections with an AtPIP2 serum (Fig. 7D) shows immunolabeling of living cells: The strongest immunolabeling was observed in VACs and very low immunolabeling was detected in ray parenchyma cells (Fig. 7D ). These results demonstrate that during the winter months, the JrPIP2(1 and 2) protein is located in VACs, and we suggest their possible involvement in the regulation of the water flux from parenchyma cells to xylem vessels in winter.
DISCUSSION
The mechanism of refilling of winter embolized xylem vessels in trees has been a matter of debate. To date, all proposed mechanisms can be categorized into two models, either "physical models" or "vitalistic models." According to the "physical models," winter-positive stem pressures would be strictly due to freeze-thaw events (Tyree, 1983; Milburn and O'Mally, 1984) . In contrast, according to the "vitalistic models," activities of xylem living cells and the this context, we investigated here the possible role of aquaporins of xylem parenchyma in this process.
To restore hydraulic conductivity after winter embolism, walnut xylem generates local positive pressures that are tightly correlated with high Suc concentrations in xylem vessels (Améglio et al., 2001 (Améglio et al., , 2002 . To date, it is proposed that the Suc released from parenchyma cells into xylem vessels results from winter starch mobilization in xylem parenchyma cells. In walnut, we show that the starch breakdown and increase of Suc content in xylem parenchyma cells occurred at the same time (Fig. 1A) and when the daily minimum temperatures are lowest (Fig. 1B) . Moreover, parallel to the increase in Suc concentration in parenchyma cells, the Suc released into xylem sap is considerably enhanced (data not shown). For instance, Suc concentration in the harvested xylem sap in February was found to be at least 10 times higher than that harvested in October. Consistent with previous data (Améglio and Cruiziat, 1992; Améglio et al., 2001), these findings mean that the starch that is stored in parenchyma cells is hydrolyzed to Suc, which is then released into xylem sap. During the winter months, there is an increase in xylem volume sap concomitant with a decrease in the parenchyma water content, suggesting that water that enters the embolized vessels comes, at least partially, from the xylem parenchyma cells (Améglio et al., 2001 ). Thus, we examined the expression of aquaporin genes, the abundance of the respective proteins, and, finally, their immunolocalization in the xylem.
To identify the aquaporins putatively expressed in the xylem tissue, we screened a xylem-derived cDNA library and isolated two different PIP-like genes that cluster only with the plant PIP2 aquaporin subfamily. The PIP2 aquaporin clones differ by only three amino acids. However, at the nucleotide sequence level, these two isoforms differ in their 3Ј-UTR. In Brassica oleracea, it has been shown that two aquaporin isoforms (BoPIP1b1 and BoPIP1b2) largely differ in their 3Ј-UTR, whereas their protein sequences differ only by one amino acid (Marin-Olivier et al., 2002) . JrPIP2,1 and JrPIP2,2 have a very strong sequence identity with AtPIP2,2 and AtPIP2,3, two homologous genes in Arabidopsis that encode functional water channels (Daniels et al., 1994) . Our functional assays with X. laevis oocytes demonstrate that JrPIP2,1 and JrPIP2,2 are two new members belonging to the PIP2 subfamily (Fig. 3) . The absence of PIP1 aquaporins suggests that this subfamily may be poorly expressed in xylem tissue. In addition, the fact that all living cells of the xylem tissue are parenchyma cell (VACs and axial and ray parenchyma One major problem linked to xylem is the low transcript level, compared with other plant organs. Therefore, to overcome this obstacle, the expression patterns of JrPIP2,1 and JrPIP2,2 were monitored by semiquantitative RT-PCR strategy, which is widely used in many recent studies (Taybi and Cushman, 1999; Duval et al., 2002; Miesak and Coruzzi, 2002; Orsel et al., 2002) . JrPIP2,1 and JrPIP2,2 were expressed in vegetative and reproductive organs, indicating that they are not xylem-specific aquaporins (Fig. 4B) . Other aquaporins also have been found to be expressed in multiple tissues or cell types. For instance, expression of BoPIP1b1 and BoPIP1b2, which were respectively isolated from the stigma and the anther-derived cDNA library, were expressed in reproductive organs and in vegetative tissues. In addition, evidence that high levels of PIP aquaporin mRNA can be associated with high rates of water flow through cells has been reported previously in the literature. In S. saman, Moshelion et al. (2002) suggested that there is a tight correlation between the change of SsAQP2 (PIP2 aquaporin) transcripts abundance and the motor cell volume changes in leafmoving organs. Based on the data presented in Figures 4B and 5A, we may expect, therefore, that JrPIP2,1 and JrPIP2,2 could be involved in various physiological processes, and at least one of both could play an important role in refilling of embolized xylem vessels. Judging by their transcript levels throughout the autumn-winter period, it is more likely that JrPIP2,1, rather than JrPIP2,2, may be involved in the hydraulic mechanism of this process (Fig. 5A) . The level of JrPIP2,1 transcripts was higher during the winter (from December-February) than either during the autumn (October and November) or at the beginning of spring (March), whereas the level of JrPIP2,2 transcripts decreased during the autumn-winter period, except in February. The reason for this sudden accumulation of JrPIP2,2 transcripts in February is unknown. It might be due, at least partially, to the lowest freezing temperatures measured shortly before xylem tissues were collected (down to Ϫ10°C; Fig. 1B) . In herbaceous plants, stress conditions such as chilling and salt have been shown to affect PIP mRNAs expression (YamaguchiShinozaki et al., 1992; Ruiter et al., 1997; Mariaux et al., 1998) or PIP protein abundance (Kirch et al., 2000) .
One feature of PIPs in higher plants is the expression of multiple isoforms within single species (Johanson et al., 2001 ), and we cannot rule out the possibility that the walnut xylem may have other PIP2 isoforms as well and that these were not picked up in our cDNA library screen or detected by the antibodies. For the rest of the discussion, we will refer to JrPIP2 and to JrPIP2 to indicate WC1/WC2 primers PCR amplified (450 pb, Fig. 5B ) and AtPIP2 cross-reacted protein (28 kD, Fig. 6C ), respectively. We propose that JrPIP2 aquaporins (as defined above) play an essential role in winter embolism recovery. When positive pressure in the xylem sap was related to root pressure, i.e. before the beginning of the winter (October and November) and the spring (March), the amount of JrPIP2 transcripts and proteins was low (Figs. 5A and 6C ) and coincided with reduced Suc content in parenchyma cells (Fig. 1A) . This situation is completely different from that in winter (from December-February). During this period, xylem tissues have a high level of JrPIP2 transcripts (Fig. 5A), proteins (Fig. 6C) , and Suc content (Fig. 1A) . In fact, the relative abundance of JrPIP2 transcripts and proteins when stem pressure has a local origin, compared with their low abundance when stem pressure has a root origin, suggest that PIP2 aquaporins may be essential for water transport from parenchyma cells to embolized vessels in winter. On the other hand, it is worth noting that, in contrast to PIP2 aquaporins, there was no increase in H ϩ -ATPase level during the winter in the same xylem tissues, further supporting that the transient accumulation of JrPIP2 transcripts and proteins cannot result simply from a general stimulation of all plasma membrane proteins but is rather specific to PIP2 aquaporins (Fig. 6C) . Taken together, the winterinduced up-regulation of JrPIP2 aquaporin in walnut xylem may be required for the regulation and the facilitation of water release into embolized vessels.
In herbaceous plants, previous studies indicate that aquaporin immunolocalization can provide further clues about their role in various physiological processes (Fleurat-Lessard et al., 1997; Barrieu et al., 1998; Kirch et al., 2000; Otto and Kaldenhoff, 2000) . In tree xylem, the few localization studies that have been carried out have emphasized the control of the nutrient flux between parenchyma cells and xylem vessels by VACs, which are not connected to vessels by plasmodesmata (Fromard et al., 1995; Lachaud and Maurousset, 1996; Alves et al., 2001 ). Therefore, water or solute moving from VACs to xylem vessels or in the opposite direction must cross the plasmalemma of the VACs. In Robinia pseudoacacia, xylem, Fromard et al. (1995) showed that the plasma membrane H ϩ -ATPase, which is involved in solute transport through the plasma membrane, is mainly localized in VACs. In walnut tree, when stem pressure has a local origin (winter period), an increase in xylem volume sap correlates with a decrease in parenchyma cells water content (Améglio et al., 2001 ). We also show here an accumulation of JrPIP2 transcripts (Fig.  5B ) and corresponding proteins (Fig. 6C ) in xylem. We assumed that a higher plasma membrane water permeability of the cells close to the vessels would facilitate the refilling of embolized vessels in winter. The data of the Figure 7D support this assumption. When the transcripts and protein amount of aqua-porin are higher (i.e. in February), the immunostaining is much stronger in the cells close to vessels (VACs) than in other living cell types (ray parenchyma elements). These findings suggest that the water movement from parenchyma cells to vessels, which is required for the winter embolism repair, is probably closely related to the presence of the PIP2 aquaporins in VACs. In the context of "vitalistic models," our data sustain the importance of xylem living cells in winter embolism recovery in walnut tree.
In conclusion, our work provides an insight into the role of aquaporins in perennial plant species. We describe the first example, to our knowledge, of possible involvement of PIP2 aquaporins in refilling of embolized vessels. To elucidate how the PIP2 aquaporins (JrPIP2,1 and JrPIP2,2) are differentially regulated during the winter period, it will be interesting to isolate their respective promoters and determine whether they contain response elements that interact with specific transcription factors that are either cold induced or osmoticum induced.
MATERIALS AND METHODS

Plant Material
One-year-old twigs were cut from 8-year-old walnut (Juglans regia L. cv Franquette) trees (grown outdoors near Clermont-Ferrand, France). The xylem tissue that contains living cells (parenchyma cells including VACs) and dead cells (fibers and xylem vessels; Fig. 7A ) was harvested at different times (the end of each month from October 2000-March 2001) and frozen immediately in liquid nitrogen. Xylem tissue was collected after peeling the bark and scraping the outside xylem with a scalpel. Therefore, the xylem contamination with other tissues (i.e. cambium) was avoided. The means of the minimum temperatures during this period are given in Figure 1B .
Determination of Sugars and Starch Content
Xylem tissues (10-cm-long segments) collected from 1-year-old twigs over this period (from October 2000 -March 2001 were frozen in liquid nitrogen. Soluble sugars (Suc, Glc, and Fru) and starch content in xylem parenchyma cells (living cells) were determined using the hexokinase method as described according to the manufacturer's instructions (Boehringer Mannheim GmbH, Mannheim, Germany) and Kunst et al. (1984) .
RT-PCR-Mediated Cloning of Aquaporin cDNAs from Xylem Tissue
Degenerate primers were deduced from conserved regions of plant aquaporin cDNAs (EMBL data library). The following primers were used: primer WCA, 5Ј-TAC(AG)(AT)AGA(AT)CC(AT)CCAGC-3Ј; and primer WCB, 5Ј-GT(CT)AC(AT)GCTGG(AG)TT(AGT)ATGTGAC-3Ј. One microgram of total RNAs was extracted from xylem tissue in February (winter period) as previously described by Gévaudant et al. (1999) , reverse transcribed ("Ready-To-Go T-Primed First-Strand Kit," Amersham, Buckinghamshire, UK), and amplified by PCR using the degenerative primers WCA and WCB. The amplified fragment is a 450-bp sequence, including only the coding region of an aquaporin-like gene. This cDNA fragment (450 pb) was then used as PIP homologous probe to screen under low-stringency conditions a cDNA library constructed only from mRNA xylem tissue, harvested over the autumn-winter period. The xylem cDNA library was constructed using the ZAP Express cDNA Synthesis Kit (Stratagene, La Jolla, CA). After screening, only two different cDNA clones (JrPIP2,1 and JrPIP2,2) were found and isolated. Their respective sequences have the following EMBL/ GenBank/DDBJ accession numbers: AY189973 and AY189974.
Quantitation of Aquaporin mRNAs by Semiquantitative RT-PCR
A semiquantitative RT-PCR strategy was used to overcome the low transcript level of the xylem tissue. Four microliters of the synthesized first strand cDNA was used as target template for PCR as described above. PCR reactions were carried out as follows: 5 min at 94°C for denaturation, 30 s at 94°C, 30 s at 60°C, and 30 s at 72°C for only 18 or 23 cycles, and 10 min at 72°C for final extension. The optimal number of PCR cycles was established to generate unsaturated (linear phase) but detectable signals for every sequence. For the amplification of JrPIP2(1 and 2) , each PCR tube contained common primers to JrPIP2,1 and JrPIP2,2: WC1, 5Ј primer, 5Ј-GGCATT-TCAGGAGGACACAT-3Ј; and WC2, 3Ј primer 5Ј-CCTCAAAATCCA-TTGGTCAT-3Ј. For the amplification of JrPIP21, WC11 5Ј primer (5Ј GCACTTTGATGTGGTTTGGG-3Ј)andWC123Јprimer(5Ј-CATGCACGAAT-GGACTGAGG-3Ј) were used. Finally, for the amplification of JrPIP2,2, WC21 5Ј primer (5Ј-CCCCTCTGCTCACCGATTTA-3Ј) and WC22 3Ј primer (5Ј-TAGGCAAATGGACATCCTCG-3Ј) were chosen. Specific primers of actin (A1) 5Ј primer (5Ј-ATGAAGCCCAATCAAAGAGGGGT3Ј) and A2 3Ј primer (5Ј-TGTCCATCACCAGAATCCAGCAC3Ј) were used to monitor the expression of this constitutive gene. PCRs were performed in parallel on the same cDNA and under the same conditions.
Expression of JrPIP2,2 in Xenopus laevis Oocytes and Osmotic Water Permeability Assay
The JrPIP2,2 open reading frame was amplified by PCR using the following primers: 1, 5Ј-ACGCGTCGACATGGCCAAGGACATTGAAGC-TGCCG-3Ј; and 2, 5Ј ATAAGAATGCGGCCGCTTATATGGTGGAAG-AGCTT-3Ј. The DNA was cut by SalI and NotI and subcloned in a pZL1 vector as in Ciavatta et al. (2001) . The resulting plasmid DNA was sequenced to verify fidelity and linearized with NotI. Capped RNA was made with the T 3 or T 7 RNA polymerase from the Message Machine kit according to the manufacturer's instructions (Ambion, Austin, TX).
Oocyte injection with in vitro-synthesized transcripts JrPIP2,2, AtPIP2;3, or water were performed, and osmotic water permeability measurements were performed according to Ciavatta et al. (2001) . Injections and subsequent swelling assays were conducted on three to four separate replicates of oocyte preparations, and five to seven oocytes were measured in each replicate.
Preparation of JrPIP2,1-His-Tag Fusion Protein
To check whether the AtPIP2 antiserum (Daniels et al., 1994) raised against the 12-amino acid residues of the Arabidopsis PIP2 aquaporin C terminus end recognizes the walnut xylem JrPIP2,1 protein, a JrPIP2,1-Histag fusion protein was made and expressed in Escherichia coli JM109 using the pET-15b vector. The cDNA fragment encoding JrPIP2,1 was amplified using the following primers: 5Ј-AGCCATATGGCCAAGGACATT-3Ј and 5Ј-GATCCTCGAGTATGGTGGAAGAGCT-3Ј. For directional cloning into the pET-15b vector, the primers contained an NdeI and XhoI restriction site, respectively. The PCR-derived cDNA fragment was digested and cloned into the NdeI-XhoI site of the vector. E. coli JM109 strain was transformed with trpET-15b vector (control) or pET-15b-JrPIP2,1 vector. Gene expression was monitored as by Herbette et al. (2002) . The JrPIP2,1-His-tagged protein was isolated according to the manufacturer's instructions (Qiagen, Courtaboeuf, France) and used to check cross-reactivity with the Arabidopsis PIP2 antiserum.
Isolation of Microsomal Fractions, Electrophoresis, and Immunoblotting
Isolation of microsomal fractions from xylem tissue was performed according to Alves et al. (2001) . Electrophoresis under denaturing conditions was performed as described by Laemmli (1970) using a 15% (w/v) SDS-polyacrylamide gel. Immunodetection was achieved with the AtP-PIP2 antiserum diluted 1/200 as the primary antibody and anti-rabbit IgG (HϩL) (P.A.R.I.S., 1/10,000 dilution) as the secondary antibody. The protein-antibody complex was detected with a chemiluminescence protein gel blotting detection system (ECL, Amersham-Pharmacia Biotech, Uppsala).
To check whether the accumulation of JrPIP2 protein amount may result from a general change in all the membrane proteins, a western blot was made on the same microsomal fractions using purified polyclonal antibodies raised against a walnut plasma membrane H ϩ -ATPase peptide (CDPKEARAGIREVHF).
Tissue Preparation and Immunofluorescence Microscopy
